In this paper, steady and dynamic performance of a multi-input buck-boost DC-DC converter is presented.
Introduction
Limited supply of fossil fuels and conventional energy sources has encouraged the development of renewable and hybrid energy systems (RESs and HESs, respectively). HESs can meet future energy demands; hence they are becoming increasingly popular in the area of electrical power systems. Multi-input converter (MIC) systems are becoming more common than multiple single-input DC-DC converters in many applications due to their advantages in terms of size, volume, flexibility in control, reliability, cost efficiency, and voltage regulation [1] [2] [3] [4] [5] [6] [7] [8] . Different MIC topologies proposed by the research community mainly focus on nonisolated and isolated structures [9] [10] [11] [12] [13] . Isolated structures are bulky, complex, and costly as a transformer is essential for their construction. Nonisolated structures do not use transformers; hence they are simple, economical, and compact. Different approaches to synthesize MICs are reported in [4, 14] . The control of MIC topologies for unified power management is presented in [15] . In electric vehicles, ultracapacitors (UCs) are utilized in conjunction with battery packs to increase the peak power rating of the vehicle while maintaining the battery's rating near the average requirement [16] . A hybrid system with renewable energy sources using a buck converter is designed for energy storage topology such as battery or fuel cell, whose performance for various load settings is presented in [17] . Different control strategies and converter topologies are proposed to optimize switching losses, thereby increasing the efficiency of the converter [18] [19] [20] . Basic DC-DC converter topology has encouraged the development of majority of MIC topologies. However, they are not fully explored and synthesized, which gives scope for modifications and improvements in their topological structures.
In this paper, a multi-input buck-boost converter (MIBBC) with asymmetrical input sources is analyzed and the operation of the MIBBC in buck, boost, and buck-boost mode is verified experimentally. Small-signal analysis of the MIBBC considering nonidealities is presented in detail, which is used to derive various transfer functions of the MIBBC. A comparison of the MIBBC with the existing work is also discussed. The MIBBC has less part counts and its performance is satisfactory for different operating conditions. The input sources and the load are isolated throughout the operation of the MIBBC without using a transformer. The continuity in power supply to the load is maintained with desired output voltage during sudden disconnection of one of the main sources, which proves the reliability of the MIBBC. The control of the MIBBC is simple for all operating conditions. The operation of the MIBBC in buck, boost, and buck-boost mode with less part count makes it suitable in RES and HES applications. Thus, it has the advantage in terms of cost, mass, complexity, and size. This paper is divided into sections as follows: circuit operation, mathematical analysis and modeling are presented in Section 2. The control strategy of the MIBBC is discussed in Section 3. Results and discussions are presented in section 4. The paper is concluded in Section 5.
Analysis of MIBBC
The MIBBC consists of two input sources, V 1 and V 2 , connected to a supply load. The load voltage and current
, and currents (i 1 , i 2 and i 3 ) are represented in Figure 1 . 
Steady state analysis
Operating states of the MIBBC are decided by conduction of switches and power supplied by the sources to the load. Figure 2a shows all possible operating states of the MIBBC, which are summarized in Table 1 . 
Duty cycles of switches are S 1 , S 2 are d 1 and d 2 respectively. The time period ( T S ) for one complete switching cycle of gate pulse is shown in Figure 2b . The ideal waveforms of inductor voltage (V L ), inductor current (i L ), and capacitor current (i c ) for all operating states of the MIBBC over a single switching period are shown in Figure 2c . The levels and characteristics of sources V 1 and V 2 may be distinct; hence, during the operation of MIBBC, simultaneous conduction of S 1 and S 2 is avoided. The losses due to switching and resistive drop across passive elements are neglected. The analysis of the MIBBC in steady state for CCM is as follows: the average value of V L in one switching cycle is zero according to volt-second balance theory [21] . From Figure 2c , time durations of the MIBBC operating states in terms of duty ratio are given below. 
where R is the load resistance. For lossless system, input power (P i ) = output power (P o ). Thus,
where R is the average value of load current. Therefore,
where I 1 , I 2 , and I L are average values of source and inductor current, respectively.
; therefore,
From Eq. (8)
Inductor current ripple ( ∆i L ) and output voltage ripple ( ∆v c ) give the values of L and C , which are calculated using the following expressions:
The average value of output voltage, considering the nonidealities of the circuit elements, is obtained as follows:
The circuit equations for States 1, 2, and 3 are obtained by applying KVL in loops L 1 , L 2 , L 3, and KCL at node A, as shown in Figure 2a , as follows:
where r l and r c are the internal resistances of L and C .
Average values of the above equations are expressed as
where 
Therefore, Eqs. (17) and (18) are expressed as
V o is obtained by putting Eq. (21) in Eq. (19):
I L is obtained by putting Eq. (22) in Eq. (21);
Expressions of V o and I L for ideal MIBBC are obtained by putting r l = 0 in Eqs. (22) and (23), which are similar to Eqs. (3) and (8) . For further analysis of the MIBBC, Eqs. (22) and (23) are used.
System modeling with state space averaging
State space averaging is used for calculating average values of state variables i L and v c in steady state [4, 22] . State space equations are expressed as follows:
where the diagonal matrix K contains the values L and C ; matrixes M , N , C , and D contain proportionality constant that depends on the operating state of MIBBC; s(t) is the state vector, p(t) is the input vector, and o(t) is the output vector such that
, and o(t) =
State equations for different operating states over single switching cycle are
where j is the switching state during one switching period.
State equations averaged during time interval t 1 , t 2 , and t 3 are
The system becomes nonlinear due to the presence of time dependent quantities such as duty cycle, voltage, and current in the state equations; thus small-signal AC perturbations are superimposed on time-dependent quantities as follows:
where variables with a cap are small-signal AC perturbations superimposed with DC values. Therefore,
Linearized state space equations of the MIBBC are obtained by putting Eqs. (27) and (28) in Eq. (26). In Eq.
(28),
Proportionality constants of state space equations are obtained as follows:
Small-signal analysis
From Figures 2a and 2c , the state space equations for time interval t 1 , t 2 , and t 3 considering nonidealities are expressed as
From the above state equations, proportionality constants in Eqs. (29) and (30) are determined. By substituting
where
The mathematical model with load current perturbation (i o ) is developed by taking the Laplace transformation of Eqs. (34) and (35). The open-loop response of the MIBBC is obtained using output current perturbation by
[ sL+
is the open-loop output impedance of the MIBBC. Therefore,
Similarly, the effect of input voltage perturbation
, and i o to zero. Therefore,
is the transfer function of the MIBBC. Therefore,
The effect ofd 1 (s) in v c (s) is derived by setting v 1 (s), v 2 (s),d 2 (s), and i o to zero:
The effect ofd 2 (s) in v c (s) is derived by setting v 1 (s), v 2 (s),d 1 (s), and i o to zero:
Eqs. (42) 
For simplification, the term
] is considered as G Iv1 (s) . Therefore, the above equation is simplified as
The above transfer functions are determined with nonidealities considered parasitic of the inductor r l and capacitor r c . Figure 3 shows the frequency response of the transfer functions with nonidealities for the MIBBC parameters given in Table 2 , where f s = switching frequency. These plots are studied and used to design the controllers for the stable operation of MIBBC. 
Control strategy of MIBBC
This section proposes a control strategy for MIBBC. The controllers are designed such that MIBBC operates as per the availability of sources and the load demand. Output voltage is regulated by the appropriate application of gate pulse to the switches, which enhances MIBBC performance. Time multiplexing of gate signals decides the order of operating states in different working conditions. The order of operating states can be changed by appropriate generation of gate pulses. Control of MIBBC is shown in Figure 4 . The gate signals of switches S 1 and S 2 are V G1 and V G2 , respectively. PI controllers are used for voltage and current control.
The load voltage ( V o ) is sensed and processed to generate programmed current reference, which is further scaled to get current reference i 1ref . The outer voltage loop modifies i 1ref , which is based on output voltage error v e , thereby forcing the load voltage to maintain the desired level as shown in Figure 4a . Thus, the required 
The transfer function of a PI controller is expressed as G c (s) =
K(1+sT ) sT
, where K is the gain and T is the time constant of the PI controller. The PI controller reduces oscillation of the duty cycle during steady state and improves the system's stability. A zero is placed an octave below the cut-off frequency for the current loop PI controller (approximately 250 radians/s). The root locus and bode plot of the current loop PI controller,
, is shown in Figure 5 . From the bode plot of G P Ii1 (s), it is observed that the phase margin introduced by the PI controller used for the current loop is 95.7
• , thereby making the system stable. The control system is designed to give Here K p and K i are proportional and integral gain of the PI controller.
The pulse width modulation (PWM) control technique is used to provide control actions so as to regulate the output voltage of the MIBBC. The function of the controller is to generate switching pulses for the connected sources, which decides the quantity of power supplied by each source. The average value of output current I o is a function of the average value of input currents I 1 and I 2 , i.e. I o belongs to I 1 and I 2 . Hence, the controller decides the supplying source and the quantity of power drawn from it. Therefore, on the basis of load requirement and operating conditions suitable control signals are generated.
Power sharing and efficiency of the MIBBC
From Eq. (3) it is observed that various combinations of duty cycles d 1 and d 2 can be used to control the load voltage at a desired value when V 1 and V 2 are constant, with different power supplied by each input. The average power supplied by each input is obtained as follows:
Putting Eq. (23) in Eq. (46) and solving:
The total amount of power drawn from the sources is expressed as
From Eq. (22),
Therefore, power drawn from the connected sources is controlled by appropriate control of the duty ratio.
Output power is expressed as
Therefore, power efficiency of the MIBBC is expressed as
Power shared by the input sources under various transient conditions of the sources and the load is studied and the performance of the MIBBC is given in Table 3 . 
Results and discussion

Simulation results
To verify the theoretical performance of the MIBBC, simulations are carried out with nonidealities in PSIM software under different steady and transient conditions. Inductor and capacitor design play a vital role, such that the stability and efficiency of the MIBBC is not affected. Eq. (10) Table 2 .
Solar power is generally used as one of the sources in hybrid power system. The healthy source supplies power to the load if other source is cut off, thereby improving the reliability of the MIBBC. The reliability and power transfer capability are improved by using a solar-battery/UC hybrid system. V 1 is solar source, whereas V 2 is energy storage source (ESS). The MIBBC operation in boost, buck-boost, and buck mode is shown in Figures 6a-6c , respectively. These waveforms reveal that, irrespective of operating conditions, the output voltage V o can be regulated at desired value. Figures 6d and 6e show the performance under step decrease and step increase in load, respectively. MIBBC regains the desired value of V o in a very small interval of time after the transient dies out. The response of MIBBC is satisfactory during steady and dynamic conditions.
Experimental results
A low-power laboratory prototype was developed for experimental realization of the MIBBC as shown in Figure  7a . Figure 7b Transient analysis is performed for step change (increase or decrease) in loading and sudden disconnection of one of the main sources during the operation of the MIBBC, as shown in Figures 8f and 8g , respectively. The MIBBC regains the desired value of output voltage (24 V) in a very small interval of time, after the transient dies out. This is a satisfactory dynamic response of the MIBBC. Thus, output voltage V o is regulated during various operating conditions. Moreover, there is electrical isolation between input and output throughout the operation of the MIBBC.
The power efficiency of the MIBBC for the given test conditions lies between 85% and 94%. This proves the usefulness of the MIBBC in HESs and RESs. A comparison of the MIBBC with existing work is shown in Table 4 . The MIBBC has advantages in most features while it is comparable in the remaining features with respect to number of ports. From Table 4 it is observed that the topology presented in [4] and the proposed work gives isolation without a transformer, but the total number of switches in [4] is more. This is the merit of the proposed work.
Conclusion
An MIBBC topology for interfacing dissimilar input sources with flexibility in control is explored for various operating conditions and its performance is studied. Dynamic response of the MIBBC during transients and the ability to handle power during steady state operation is satisfactory. The operation of the MIBBC in buck, boost, and buck-boost mode is verified experimentally. In addition, it has the ability to operate satisfactorily when one of the main sources is disconnected, which leads to improved reliability. The power drawn from both the sources can be controlled by monitoring the source current and the output voltage. Sources and the load are isolated without using a transformer. Battery or UCs are used as an ESS, whereas a solar PV module can be a renewable energy source. The usefulness and feasibility of the MIBBC is verified by performing detailed simulation and experimental studies. Experimental results of the MIBBC prove that it is suitable in hybrid electric applications or renewable energy systems. 
